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GLOSSARY OF SYMBOLS

Symbol Definition Unit

g Thrust Acceleration/32.17 unitless

h Altitude ft. or n. mi.
Radial Position ft. or n. mi.

t Time sec. or minutes

X,¥,2 Position in Rectilinear Coordinates ft.

X,¥,% Velocity in Rectilinear Coordinates ft/sec

¥ Flight Path Angle : degrees

= Pitch Angle degrees

%’ Roll Angle degrees

95 Yaw Angle degrees

A

Visibility margin measured from the window lower or
upper edge to the I0S to the Landing-Site or

horizon degrees
Gravity constant of the moon ft3/sec2

The angle between the z-Body Axis and the LOS to

the horizon or to the landing-site degrees

Slant range between LEM and the CSM ft. or n. mi.
Slant range-rate between LEM and the CSM fps.

Central angle measured in the plane of the

trajectory A degrees

Rate of change of central angle measured in the
plane of the trajectory - 4 -+ . deg/sec

Line-of-sight angle measured in the xz-body axis

plane from the z-body axjs’ té the projection

of the LOS on the xz-body -dxis plane, Rendezvous Radar
Trunion Angle o degrees

Line-of-sight angle méasured from the xz-body
axis plane to the 1L0S, Rendezvous Radar Shaft

Angle . degrees
Elevation angle measured between the stable

member z-Axis and the LOS to the CSM degrees
Surface Range . ft. or n. mi.

L UNT TR IV v .
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Glossary Of Symbols (continued)
Symbol Definition Unit
T Thrust 1bs.
v | Total Velocity (speed) fps.
Subscripts

SM Stable member
I Indicated or measured parameter
T Signifies upper window edge
B Signifies lower window edge
L or LEM Lunar Excursion Module
CM or CSM Command Service Module
P pericynthion
a apocynthion

Superscripts
*

Angles measured relative to stable

member axis system

.

Differentation with resgéct to time o

v I“ ’/VI
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I. Introduction

This repart on nominal trajectory characteristics supersedes the trajectory
data presented in reference A-T. All trajectories presented herein were
calculated using guidance laws currently planned for the Primary Navigation
and Guidance System (PNGS).

These trajectory data are subject to revision with changes in the mission
profile and AV budget. DPertinent mission ground rules which define the
trajectory requirements are as follows:

1. A Hohmann cocasting descent orbit is specified
for transfer from an 80 n. mi. CSM circular parking orbit
to a 50,000 ft. pericynthion altitude. The orbit
plene will nominally contain the landing-site.

2. Requirements for pilot visibility of the landing-
site during the final portions of powered descent
and prior to manual take-over for the touchdown
maneuver is specified.

3. A direct ascent phase to rendezvous with the CSM
is specified as nominal.

L. At launch a nominal % degree central angle dis-
placement between the CSM orbit plane and the
LEM launch-site is specified.

5. Nominal rendezvous is initiated 5 n. mi. from
the CSM.

Included in this report are data on the likely trajectory .deviations from
the nominal. Current estimates on normal or ,in-tolerance.errors in the
navigation and control system performance are included in the erxor evalu-
ation. Only results pertaining to errers.éccrued along the powered descent
portion of the mission are presented in ‘this report. Future releases of
this report will include error results for all phases of the IEM mission.

‘
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II, Definitions

The definition of trajectory phases in reference A-T apply to the discussion
of trajectories in this report. For convenience, these definitions are
restated with appropriate changes.

A, General

A.1l Lunar Orbit - starts after successful insertioncof the CSM into lunar
orbit, and terminates Jjust prior to the LEM separation from the CSM.

B. Descent

B.1l Coasting Descent Transfer Orbit - starts with separation of the LEM
from CSM, includes insertion of LEM into a coasting descent orbit and
terminates at the initiation of powered descent. If any descent
midcourse corrections are required during this flight phase, they will
be discussed in this section.

B.2 Powered Descent - starts at the completion of the coasting descent
transfer orbit and terminates at LEM touchdown on the lunar surface. For
convenience, this phase is sub-divided as follows:

B.2.1 Fuel Optimum Phase (FOP) - starts at the completion of the coasting
descent transfer orbit and ends Jjust prior to the LEM rotation
required to achieve visibility of the landing-site.

B.2.2 Visibility Phase (VP) - starts at initiation of LEM rotation to
achieve landing-site visibility and terminates at a specified
altitude, vertical velocity and horizontal velocity in the neighbor-
hood of the landing-site. ‘

B.2.3 Translation, Hover and Touchdown (THAT) - starts at termination of
VP and includes the translation to’the desired landing-site, a
momentary hover and a soft landing. '

e

C. Ascent

C.1l Powered Ascent - starts with ascent engine ignition and terminates with
insertion into a coasting ascent transfer orbit or into a parking
orbit. Discussion of launch window for a parking orbit ascent
aprroach as well as that for a direct coasting ascent to rendezvous
is included in this section. -,

C.2 Coasting Ascent Transfer Orbit - starts immediately after insertion into
the coasting orbit, either by direct insertion, or from a parking orbit,
and terminates when the LEM is 5 n. mi. from the CSM, Plane-change and
midcourse maneuvers will be discussed in this sgection.

C.3 Rendezvous - starts 5 n. mi. from the CSM and terminates when the LEM
is 500 ft. from the CSM.

C.4 Docking - starts at 500 ft. from the CSM and terminates at LEM-CSM
contact.

REPORT NO. LED-500-1
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In this report, most trajectory parameters are presented in the IMU stable
member axis system. This axis system has its origin at the moon's center
with the X-axis passing through the landing-site. The 2-axis is normal
to X' and parallel t0 the plane of the CSM orbit. The positive direction
of 2 is coincident with the forward direction of the CSM velocity when the
CSM passes over the landing-site. The ¥y-axis is orthogonal to the xZ . plane
forming a right-handed system (figure II-1).

A selenographic axis-system is shown in figure II-2. The origin of this
system is again at the moon's center. The X-axis passes through the lunar
equator toward the earth's center. The 2z-axis is normal to X:and passes
through the lunar north pole. The Yy-axis is normal to the XZ plane forming
the right handed system. For this report only, the landing-site is gssumed
to be located on the surface of the moon on the x selenographic axis. For
the discussion: of the descent trajectories,  the CSM is assumed to be in an
equatorial orbit. 1In the discussion of ascent trajectories, the CSM orbit
is assumed to be inclined to the equatorial plane.

Figure II-3 defines the LEM body axis system. The x-axis is along the
vehicle center line and is positive in the direction of main -engine thrust.
The 3z-axis is normal to x and passes through the lower exit port. The y--
axis is normal to xz-in a right handed sense. Figure II-4 defines the
attitude angles which rotate the stable member axes into LEM body axes.

The first rotation is about y and is referred to as "pitch" (©%*). The second
rotation is about the rotated z-axis and is referred to as "roll" ( ¥*),

The third rotation is about the twice rotated x-axis and is referred to as
"yaw" (@*). In this report,roll and yaw are assumed zero throughout. Under this
assumption, pitch is the angle between the stable member 2z-axis and the
body z-axis. For example, during the vertical rise at initiation of
powered ascent, the pitch angle is zero.

Figure II-5 shows the definition of the angles which rotate. stable member
axes into line-of-sight axes where, in the line-of-sight system, the z -axis
lies along the line-of-sight vector. Figure II=6 defines the rotation of
the ILEM body axes into the line-of- s1ght system for the case in which yaw
and roll are zero.

REPORT NO. LED-500-1
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ITIT. Nominal Trajectories

A, General
A.1 ZLunar Orbit

From paragraph 3.1.6 of reference A-3, CSM orbit altitudes ot 60-100
n.mi. are possible, The CSM orbit used to define the IEM trajectory
characteristics is considered to be circular at an 50 n.mi. altitude,
This CSM altitude is the same as thatv used in defining the nominal
trajectories presented in reference A-7. The choics of the 80 n.mi.
CSM parking orbit was based on trade-off studiezs involving supericr
IEM-CSM relative central angle relationships along the dsscent path
with subsequent AV and ascert phase synodic time effects (referarcs
C.1-5). ™he orbit characteristics associated with an 80 n. mi,
altitude (reference C.1-5) are itemized ir Tahle A.1-1,

TARIE A.l-1
CSM ORBITAL FIEMENTS
80 N.MI, ALTITUDE

Toqy Orbital Radius = 6,188,188.97 international feet

Vogy Orbital Velocity = 5,284.699 international fzet/second
Poay Orbital Period = 122,623 minutes

&CSM Angular Rate = 2.936 degrees/minute

Communicgtion time . .
measured from end of . y
Translation, Hover and S :
Touchdown phase v/ 2,75 minutes

AL

Communicatiornt time
measured from horizon
to horizon = « 15.6 minutes

% ILunar Constants Used

(1) rm, Lunar Radius = 5,702,099.73 int. f%t,
(2) 1 int. n. mi. = 6076,215486 int, ft.
(3) ““m, Lunar gravitaticnal comst. = 1.T7282k x 1014 ink, £43/ sec?

Note that these constants do not agree with the constants pressnted
in Ref. -A_8.
See Nominal Trajectory Summary, Section IV,
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B. Descent

Figure B-1 presents a schematic of the descent phase misssion profile. Thos
LEM is inserted into a Hohmann orbit starting at an altituds of 80 zn.mi.
The pericynthion altitude of this transfer orbit is 50,000 ft atove the
mean lunar surface. At pericynthion, the descent engine is ignited, and
thrust vector commands generated by the PGS gulde the vehiczle to a point
approximstely 10,600 ft. above the lunar surface and 7 n.mi. from the
landing-site. At this point in the trajectory, new guidance paramsters
affect attitude commands which rotate the LEM. Lf lighting conditions
are proper for pilot visual surveillance, the attitude ritation provides
a clear line-of-sight to the landing area. This phase of tha powered
descent is terminated at an altitude of 200 feet with =2 speed cof

10 ft/sec. Although the mission plan calls for manual control for the
final touchdown maneuver, s "closed loop" path adaptive guidance law is
used to generate a typical translational, hover and touchdown mansuver.

B.1l Coasting Descent Transfer Orbit

The nominal coasting descent trajectory begins with separation of
the LEM from the CSM, For this report, it is assumed that the
impulse required for separation does not cause a difference between
the LEM and CSM velocity and position at insertion. The LEM is
inserted into a Hohmann orbit at the CSM orbit altitude of 80 n.mi.
This- Hohmann orbit has a pericynthion altitude and velocity of

:2% 56,000 £t and 5581 ft/sec respectively. From trajectory calculations
using the PNGS explicit guidance law, the AV required for insertion
into the transfer orbit is 97.33 ft/sec for a (m/W)o = 0.351, The
guidance-control conceptiliirects the LEM thrust vector such that
the instantaneous LEM velocity vector is driven toward an instant-
aneously desired velocity vector. -The desired velocity vector is
that velocity required to transfer to a 50,000 £t pericynthion
altitude, assuming that the present LEM radial pOslthn ﬂorreaponds
to the apocynthion of the transfer orblt Thrust is 'terminated when
the LEM velocity and desired ve1001ty vector are egqual. Thes time
of powered flight is 8.51 secondﬁ ‘for an insertion at full throttle
(10,500 1bs).

&

For insertion, figure B.1l-1,shows the time history of altitude and
thrust acceleration. Figure B.1-2 presents the ILCS angle, and

the slant range and range rate of the LEM relative to the C3M, %The
inertial pitch angle, 6%, and local pitch angle, &, ars prasented
in figure B.1-3. The relative central angle betwesn LEM and (8N,

Qe and the LEM central angle, Oimv, are shown in figure 3,1-L,

Figure B.1-5 is a time history of altitude and elevatioa angle, E,
during the coasting descent. £lant range and range rate of the IFEM with
respect to the CSM ars shown in figure B.l-b. The LEM central angle
together with the relative csntral angle between the LEM and CSM ars
presented in figure B.1-T7 for the interval from insertion to peri-
cynthion.

*  See reference B,1l-6
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B.2 Powered Descent

The powered descent trajectory is divided into three guidance
phases: The Fuel Optimum Phase, the Visibility Phase, and the
Translation, Hover and Touchdown Phase. The trajectories for the
first two phases were computed using the PNGS terminal explicit
guidance law. The guidance equations used for FOP and VP are
identical except for the specified terminal conditions and the time
of flight from initiation to termination of the phase. The Trans-
lation, Hover and Touchdown Phase is nominally a maneuver carried

- out under manual control. However, a typical trajectory for THAT
‘has been calculated using an automatic guidance-corntrol concept.

B.2.1 Fuel Optimum Phase. This phase of the descent trajectory was
generated with the PNGS guidance equations. The guidance control
commands are explicitly a function of specified terminal conditions,

- & predetermined initial time of flight and the instantaneous LEM
position and velocity (reference B.2.1-5). The FOP starts at the
50,000 ft pericynthion altitude of the transfer orbit and ends
349.27 seconds later at an altitude of 10,621 ft. with a speed and
flight path angle of T47.8 ft/sec and -12.9 deg. respectively.
These terminal conditions for FOP were determined as those required
as initial conditions for the Visibility Phase, during which an
unobstructed visual line-of-sight to the landing-site is required.

The thrust-to-weight ratio at retrofire is 0.357 and the specific
impulse is assumed a constant 301 sec. throughout the phase.

Figure B.2.1-1 shows the time history of altitude and surface range.The
phase starts at . approximately 197 n.mi. and ends at 7 n.mi. from

the landing-site. Figure B.2.1-2 presents the speed, horizontal
velocity, vertical velocity and velocity increment (AV) as a

function of:time. The AV expended during this phase is 4979 ft/sec.
Figure B.2.1-3 shows the time history of the CSM and LEM central
angles. The CSM lags the LEM'by 9.4,deg. at retrofire and by 3.9

deg. at the end of the phase. Figg;e B.2.1-4 presents time histories
of the thrust acceleration and~ecomponents of the thrust acceleration.
Note the néar linear variation.in the thrust acceleration components
reflecting the characteristics of the guidance equations. Figure
B.2.1-5 is a time history of thrust and the inertial pitch attitude.
At retrofire, thrust is at its maximum (10,500 lbs) and is at a
somewhat lower level (9,875 1bs) at the end of the phase. Figure
B.2.1-6 is a time history of the slant range and range rate of the LEM
relative to the CSM. JIncluded on figure B.2.1-6 is a time history

of the line-of-sight angle between the IEM z- body axis and the
line-of-sight vector. .

B.2.2 Visibility Phase. This portich of the trajectory is flown under the
same closed-loop explicit guidance law as that used in FOP., The
initial conditions(the terminal conditions of FOP) are such that,
when the trajectory is flown under guidance, the thrust and inertial
attitude commands remain at approximately 4700 1bs and 47 degrees
respectively throughout the VP, With these attitudes,a visual
margin of approximately 8% degrees is achieved. The terminal con-

REPORT NO. LED-500-1

GRUMMAN Al ATION DATE




N

wr

PAGE T

.- L=
D X X T -

B.2.3

ditions for this phase are: "~

Altitude = 200 feet

Speed = 10 ft/sec

Flight path angle = -10 degrees
Range from landing. site = 1000 feet

F W+

Assuming a constant Igp of 301 sec., the AV expended during the
114 seconds of flight is 1056 ft/sec.

Figure B.2.2-1 shows the time history of altitude and surface

range. Flgure B.2.2-2 presents speed, horizontal velocity, vertical
velocity and AV as a function of time. Figure B.2.2-3 shows the
time history of the CSM and IEM central angles. At the LEM terminal
conditions, the CSM leads the LEM by 1.32 degrees. Figure B.2.2-4
presents time histories of the thrust acceleration and the components
of thrust acceleration. Figure B.2.2-5 is a time history of thrust
and inertial pitch attitude. Figure B.2.2-6 shows the slant range and
range rate of the LEM relative to the CSM. Included on figure
B.2.2-6 is a time history of the line-of-sight angle between the

IEM z-body axis and the line-of-sight to the CSM. Figure B.2.2-T7
shows the visibility angle measured from the negative x-body axis

to the line-of-sight to the landing-site.

Transletion, Hover and Touchdown - The translation, hover and touch-
down trajectory shown in figure B.2.3-1 was based on a closed-loop
polynominal guidance law and a signal-synthesis adaptive control
technique (reference B,2.3-8). A guidance law switch was initiated
at an altitude of 25 feet above the touchdown point. The switch -
initiates a constant attitude - constant acceleration guidance law
which forces the LEM into & highly stabilized vertical descent,
thereby compensating for dispersions in rotational rate and linear
velocity at touchdown. The initial conditions of this trajectory
correspond to the final conditions of the visibility phase. The
time of flight is 121.2 seconds, the initidtion altitude is 200 feet,
and the range to the landing-site 1s 1000 ft. Visibility margins
for both the landing-site and“the visual horizon are shown in

figure B.2.3-2. This figure shows visibility to be safisfactory.
The horizon and landing-sife are out of view for a total of 16

and 10 seconds respectively, early in the trajectory. The landing-
site is unavoidably out of view during the final 25 seconds of
flight because of the vehicle's proximity to the landing-site
(within 25 ft range and altitude). The trajectory time histories
are shown ih figures B.2.3-3 through B.2.3-6. Figure B.2.3-T

shows the time history-of the CSM central angle relative to the
landing-site. At the end of the THAT maneuver, 165 seconds

elapse before the CSM falls below the horizon.

The vertical and horizontal velocities, attitude, and attitude rate
at touchdown are respectively, -4.99 ft/sec, 1.06 ft/sec, 89.9 deg,
and zero deg/sec. These values are within the .landing gear capabil-
ities. The AV required to perform the trajectory is 657.6 ft/sec.
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B.3 Descent Stage AV Summery

The total AV required for the nominal descent trajectory is compared
with the "AV - Budget" adopted at the NASA/GAEC meeting on March 12,
1964 at Bethpsge (reference A-9). The AV's computed for the nominal
trajectories presented in this report are compared with the 4 V's
presented under the catagory "Open Loop" in the "AV-Budget". The
total A V for the nominel descent mission is 6794.9 ft/sec. The
total & V allocated to the "Open Loop" catagory in the "A V-Budget"
is 6952 ft/sec., The 157.1 ft/ sec discrepency between the nominal
trajectory AV and the "AV-Budget" is attributed to an allocation
. in the AV budget for alternate landing-site selection.

TABLE B.2.4-1
Descent Stage AV *¥*
Nominal
Mission Phase Trajectory AV "AYV Budget”
B.l Coasting Descent Transfer| 102.33 102
B.1l.1 Separation 5.00 2 j
Insertion 97.33 97+
B.2 Powered Descent 6692.60 6850
.2.1 Fuel Opt I
B el Optimum Phase 979 6035..00 5950
B.2.2 Visibility Phase 1056 :
B.2.3 Translation, Hover 657.60 900 .
& Touchdown ' _
!
679%.93 18952,

o7

i

*%* Only AV Under "Open Loop! catagory from the. "AV-Budget" is x
included wE .

C. Ascent . _ i
Figure C-1 shows the geometry of the nominal ascent mission. An out-
of-plane launch displacement of 3 degree lunar central angle was
assumed. The powered ascent is initiated when the CSM lags the LEM
landing point by a central angle of 3.85 degrees. At burnout the LEM
altitude is 50,000 ft above the mean lunar surface at a speed of ‘
5581 ft/sec and a flight path angle of 0.892 degrees. These conditions ‘
result in an intercept with the CSM at 160.1 deg central angle, measured
in the plane of the LEM trajectory and relative to the launch-site.,
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The coasting transfer orbit has a pericynthion altitude of 38,360. ft.
The rendezvous is initilated at approximately 5 n. mi. from the CSM.

C.1 Powered Ascent

The characteristics of the LEM nominal ascent trajectory are based
on an initial thrust-to-weight ratio of 0.333, a specific impulse of
306 sec. and a constant engine thrust of 3,500 lbts. The CSM is
assumed to be in an 80 n. mi. circular orbit. At launch, figure
€.1-1 "shows the. geometry of the launch-site relative to the CSM,
The, LEM is located at a right ascension of 3.85 degrees and at an
out-of-plane (declination) of % degree (8.2 nautical miles).

The nominal ascent trajectory was gencrated using the PNGS guidance
technique (reference B.2.1-5). After a 10 sec. vertical rise

(6% = 0 deg), control commends are generated by the guidance system
resulting in a rapid pitech over at -10 deg/sec. At £=15.68 seconds;

an attitude null is reached (6% = -56.85 deg). The altitude, vertical
veloeity, plane conditions and trajectory angular momentum reguired at
burnout are continuously generated by the guidance system. These
required burnout corditions are functions of CSM-LEM relative position
and velocity. Attitude commands and an engine-cut-off time, which will
guide the LEM to the proper burnout conditions for a direct transfer
to CSM intercept, are "continuously" calculated.

For the nominal launch, the burnout conditions are:

. Altitunde = 50,000 £t
. . Opesd = 5581 f%/sec
. Flight path angle =0 .892 deg

AV cousumed = 6062 ft/sec”
Weignto of propellent used = 4827.8 1bs
Time of flight = 422,09 sec. = - -
. Tnertisl pitch attitude = -108.k deg
. Central engle from launch = 9,94 deg. -

- O\ FWw -

' Figure C.1-2 presents the time hfstbé& of altitude and speed.
Inciuded on figure (.1-3 are the.time histories of 4V, thrust accel-
eration and inertial pitch angle. Figure C.1-L shows the flight path
angle and the vshicle attitudd referenced to the local horizontal.
Figure C.1-5 shows the geometric relationship involved in definin
the line of sight vector between the CSM and the LEM. Fig. <.1-6 and C.1-7
presents the time history of theo lins-of-sight parameters starting
when the CSM appears over the horizen gnd ending at LEM powered ascent
burnout,

C.2 Coasting Ascent Trancfer Crbis

At the 50,000 ft. altitude burnout condition, the nominal out-of-plane
displacement (declination) of the I&M from the CSM orbit plane is
0.732 degrees. A burnout velocity of 5581 ft/sec and a flight path
angle of 0.892 degrees result irn a transfer orbit which intersects
the CSM orbit 150.26 ‘egrees central angle from burnout. This
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c.3

transfer orbit is inclined to the CSM orbit by 1.46 degrees. For the
nominal trajectory, no midcourse corrections are required, however,
future error analyses on normal N & G performance will include the
PNGS midcourse correction technique and the calculation of the likely
DV required for midcourse corrections. Rendezvous is initiated gt
141.92 degrees central angle from burnout, or equivalently 5 n. mi.
from the CSM, The time of flight elapsed from burnout to rendezvous
initiation is 45.89 minutes.

Figure C.2-1 presents a time history of slant range between the LEM aud
CSM. Figure C.2-2 presents slant range rate along the I0OS between

the LEM and CSM. Figure C.2-3 shows the line-of-sight rate while
figures C.2-4 and C.2-5 presents the radial position and speed of

the LEM respectively.

Rendezvous

Rendezvous is initiated by the LEM 5 n. mi. from the CSM, The time
of flight needed to perform the nominal maneuver using the prime
rendezvous guidance technique is 660 seconds. The AV required to
perform the maneuver is 169.9 ft/sec. ¥ which compares favorably with an
impulsive rendezvous AV of 169.4k4 ft/sec. The guidance concept
requires radar measurements of range, range rate, and LOS angle
between LEM and the CSM as a means of estimating (i.e. by mixing
radar and inertial information ) the LEM orbit. At specified ranges,
a time of flight for LEM-CSM interception is specified. With the
specified time of flight and the estimated ILEM orbit, AV corrections
are computed. In the ncminal, three such correction points are
specified, at 5 n. mi., 1.5 n. mi. and .25 n. mi. Figure C.2-1

and C.2-2 show the time histories of slant range and range rate between
the LEM and the CSM, Included on C.2-1 and C.2-2 are the points at
which the rendezvous corrections are applied. Figure C.2-3 shows

the line-of-sight rate as a function of time. Rendézvous correction
points are indicgted. Figure C.2-4 presents the IEM speed. It can
be seen that for the nominal rendezvous, the LEM speed is increased
at each correction point. Figu?é‘C.E-S shows the radial position of
the LEM during the rendezvous maneuver. Table C.3-1 shows the
nominal thrust schedule followed during the nominal rendezvous.
Included are the ranges at which correction is applied, the elapsed
time since powered ascent burnout, the duration of the correction
control period, the AV expended during the control period, and the
thrust level applied. All maneuvers are performed by two z-body axis
RCS engines, having a nominal thrust level of 100 lbs. and an Igp

of 295 sec. The thrust to welght ratio at the initiation of the
first correction is .0365.

/

Includes 2.58 ft/sec residual velocity after the last rendezvous
correction. -
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TABLE C.3-1

NOMINAL RENDEZVOUS CORRECTION

SCHEDULE
Range Time Elapsed Thrusting AV Thrust
(n. mi.) Since Powered Period Level
Ascent Burnout (sec.) (£t/sec) (1bs)
(sec.)
5 2753.8 58. Tk 69.28 200
1.5 20k7,3 1,04 81.79 200
0.25 3228.0 13.67 16.29 200
143.45 137,36

Residual Velocity 2.58

To Be Nulled

During Docking

Grand Total Used

To Compare With | 169,94

Impulsive AV _

C.4 Docking

s .
The docking maneuver is nominalfyinitiated 500 ft slant range
from the CSM and at relative velocities of 2.58 f‘t/sec. The maneuver
is performed manually with an alloted 25 ft/sec AV. Because
docking is a manual mode of operation, trajectory data will not be

available until future simulation studies have been completed.

C.5 Ascent Stage AV Summary

The total AV for the nominal-ascent trajectory is compared with the
AV zllocated to the "Open Loop" catagory of the "A V Budget" (ref-
erence A-9) in Tatle C.5-1. The AV required to perform the nominal
ascent is 6256.94 ft/sec. This AV consumption is 4k4.06 ft/sec
below that indicated in the " AV-Budget'. The discrepancy in the QV's
can be partly attributed to an allocation in the " AV-Budget" for a
12 second wertical rise and that the in-plane and out-of-plane
rendezvous mansuvers are performed separately.
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TABLE C.5-1

Ascent Stage AV#*

Mission Nominal "Open Loop"
Phase Trajectory AV 4LV Budget
C.1l Powered Ascent 6062.00 6090.00

C.2 Midcourse Correction
During Coasting Ascent
Transfer Crbit === «c;-e-a-

C.3 Plane Change and

Rendezvous 169.94 186.00

C.k Docking 25.00 25.00
Total 6256.94 6301.00
Ascent

IV, Summary of LEM Nominal Trajectordies

Table IV-1 is a summary of the nominal trajectories presented in this
report. The AV expended is 6T94.9 ft/sec for the nominal descent tra-
jectory, and 6256.9 ft/sec for tHe nominel ascent trajectory. These &V
expenditures are within the "&V-Budget" for the computation of nominal

fuel comsupption. All ground rules dictated by mission requirements

have been satisfied; however, recent operational features introduced

by the performance capabilitites of the descent engine gimble trim mechanism
have changed the descent trajectory. Future releases of this report will
then include: ‘ ' .

1. Insertion at reduced thrus} levels.

2. Retrofire for initiation of powered ascent at decreased

thrust levels for a period of approximately 25 seconds.

The next nominal trajectory report will include the orbit characteristics
between separation of the IEM from the CSM and the insertiom. A landing-
site will be chosen and all trajectory characteristics presented in ref-
erence to this more realistic mission. The lunar constants specified in
reference A-8 will be used to calculate all trajectories. The specific
impulse will be assumed to be a function of the thrust levels in future
trajectory calculations.

#* Only AV Under "Open.Ioop" catagory from the "A V-Budget" is included.
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V. =~ LEM Normal Error Performsnce

Normal error performance is the likely trajectory deviations from the nom-
inal trajectory caused by in-tolerance errors in the following catsgories;

1. Initiation of the navigation system - Prior to
separation of the LEM from the CSM, the command
module navigation data is transferred to the 1LEM.
The transferred information on the velocity and
position is used as initial conditions to the LEM
integrating inertial system. .This data is only as
accurate as the estimated CSM orbit via the orbital
navigation technique.

2. Navigation system sensor errors - This group of error
sources includes such uncertainties as the alignment
of the IMU, platform drift rates and radar accuracies.

3. Errors in execution - This group of errcrs includes
the uncertainties in the thrust and attitude from
the levels commanded by the guidance system.

The combined effect of all the errors sources presented under the three
catagories brieflyidentified above are analyzed using a linear statistical
error technique developed at GAEC, References V-1 thru V-8 discuss in
detail the mathematical theory used as a basis to generate the data presen-
ted in this section. At this time, only the results of an analysis per-
formed on the powered descent trajectory are presented.¥ Future trajectory
reports will include the results of studies on all phases of the LEM mission.

A, Error Sources

Table V-1 presents the uncertsinties in the LEM inertial system's indication
of the pos1t10n and velocity at pericynthion. These errors are presented

TABIE V1
COVARIANCE MATRIX OF UNCERTAINTIES AT PERICYNT?ION
X . vy z ' b4 y - 4

4L.6519 E 05 1.7127 E O 1.4O45 E 06 -1.3300 E 03 8.0413 E 00 L4.9294 E 01
1.7127 E Ob 3.9102 E 05 3.2212 E 03 -9.4216 E 00 L. 5204 E 01 -1.4251 E 01
1.4045 E 06 3.2212 E 03 T7.9014 E 06 -7.5680 E 03 1.4930 E 02 1.4911 E 03
-1.3300 E-03 -9.4216 E 00 -7.5680 E 03 7.4018 E 00 -1.2291 E Ol -1.4635 E 00
8.0413 E 00 4.5204 E 01 1.4920 E 02 -1.2291 E 01 3.5357 E O1L 3.9890 E 02
4.9204 E 01 -1.4251'E O1 1.4911 E.03 -1. 4635 E 00 3.9890 E 02 5,0063 E Ol

Ne Sge Mo NS¢ M

in the form of a covariance matrlx in which the diagonal terms are the
variance in the components of position and velocity, and the off-diagonal
terms are the covariances., The off-diagonal terms indicate the correlation
between the errors on the diagonal. The matrix is referenced to the
stable member axis system; that is, starting at the upper left hand
element of the matrix, and in successive order, the variances in the
gosition along the x, y and z axis, and in the velocity along the x, ¥y

¥ FErrors caused by TMU gensor errors, timing errors and control execution errors

during descent insertion will cause increases in errors along the powered
descent Trom those presented in this report.
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and z axes of the stable member coordinate system are defined. This
covariance matrix was obtained by propagating the covariance matrix,
representing the orbital navigation uncertainties, from insertion to
the pericynthion. The orbital navigation uncertainties at insertion
were obtained through correspondence with MIT/IL. (Reference V-9),

At insertion, the uncertainties were given as:

Altitude T70 £t (1
Down Range 2380 ft (1
Cross Track 673 £t (1

Vertical Velocity 1.7l ft/sec (1
Horizontal Velocity .56 ft/sec {1
Cross Track Velocity .552 ft/sec (1

sigma)
sigma)
sigmsa)
sigma)
sigma)
sigma)

for the MIT/IL "Model-2" orbital navigation technique., (Reference v-10).

The trajectory deviations at powered descent initiations
to be slightly larger in magnitude than the errors in the
system and are assumed to have at least a 90% correlation

are assumed
navigation
with the

navigation uncertainties. The high correlation asserts that trajectory
deviations at pericynthion of the descent orbit are primarily due

to the uncertainties in navigation. The magnitude of the

trajectory

deviations are assumed to be slightly larger to account for possible
errors in the execution of the insertion maneuver. A detailed
account of the meaning of the correlation of the navigation uncertain-

ties with trajectory deviations can be found in reference

V";T .

Teble V-2 presents the IMU sensor errors considered in the analysis.

The one sigma values quoted in Table V-2 were taken from an MIT/IL
documentation of the inertial system performance presented in reference
V-11l. The methods by which sensor errors are incorporated into a linear

statistical error analysis can be found in reference V-3.

K

TABLE V-2

IMU SENSOR-ERRORS (l-Sigma Values)

Acceleraometer zero bias

Accelerometer scale factor error
Accelerometer sensitivity.(15% order)
Scale factor error

Initial stable member

Misalignment P

Fixed Drift Rate

Table V-3 presents the errors in execution assumed in the

.2 cm/ééce
100 ppm

It

10 ppm/g

.85 mr
.15 deg/hr.

analysis. A

0.1 degree (3@Y uncertainty in-attitude control is attributed to the
RCS 'dead band. A 100 lb. thrust uncertainty is attributed to engine

throttle resclution.

RerORT  LED-500-1
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TABIE V-3
ERROR IN EXECUTION
~ (3-sigma)
Attitude Errors = .1 deg.
Thrust Errors = 100 lbs

The errors quoted in the PNGS requirements (Reference V-12) for the
landing radar were used in the analysis of the latter portions of the
powered descent trajectory. The radar error in the measurement of
altitude is assumed to be one percent of the vehicle altitude or 5 ft,
which ever is greater. The velocity errors are assumed to one percent
of the vehicle velocity or 1 ft/sec, which ever is greater. The un-
certainties for the radar are calculated using the assumption of a
smooth lunar surface with a radius equal to the mean. The effects of
surface variations will be studied in the future.

B. N & G Operational Procedures

For powered descent,the navigation and guidance procedures assumed in
the error analysis are in chronological order:

1. Alignment of the IMU using the AOT is made
fifteen minutes prior to the initiation of powered
descent. The uncertainty in the alignment at

the initiation of powered descent is 0.82 milli-
radians.

2. The inertial navigation system is used to supply
the descent explicit guidance ‘equations with
information required to generate contrcl signals
to the RCS., =/ '

3. At 270 secoﬂds into the powered descent trajectory
(approximately 25,000 ft), an update of the inertial
system is made using information on altitude and
velocity from the landing radar.

L., Radar - Inert

1 Mixing is terminated at t = 290
seconds into e

ia ir
the_powered descent.

5. From 290 seébnds to the end of FCP, inertial
information is used exclusively.

6. From the beginning of the VP to 430 seconds,
mixing of radar - and inertial information is
again made.

7. From t = 430 seconds to the end of VP, inertial
information is used exclusively.

' DATE 11 August 196k
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C. Error Results

When discussing the errors in position and velocity, a subscript "I" denotes
an uncertainty in the navigation system and a variable without a subscript
denotes a trajectory deviation from the nominal. All errors irn state

(e.g. velocity and position) are referenced to the stable member axis

system.

Figure V.C-1 is a time history of the one sigma uncertainty in navigation
information and of one sigma trajectory deviations in the x-axis direction.
As the landing-site is approached, the x-axis errors closely approximate
errors in altitude. For the first 270 seconds into the powered descent,

the trajectory deviation is approximately equal to the uncertainties in

the inertial system. This should be expected since the guidance law is
using information from the navigation system to generate the vehicle control
commands. At 270 seconds (or approximately 25,000 £i), and update is made
by mixing landing-radar and inertial information. An improvement in the
navigation accuracy is immediately introduced, however, the trajectory
deviation slowly reduces to the accuracy of the navigation system at the

end of the Fuel Optimum Phase. At the beginning of the Visibility Phase,

an improvement in the indicated state is again made resulting in an altitude
uncertainty and trajectory deviation at the hover of approximately 25 ft (1G%).
The final error in altitude can be improved if the updating procedure is
continued futher into the trajectory than wes done for this analysis.

Figure V.C-2 presents the navigation uncertainties and trajectory deviations
in velocity along the stable member x-axis. After the first update

period, an increase in velocity deviation of 14,5 ft/sec is expected due

to the guidance response to a detected error in altitude. A less severe
velocity response can be expected during the second updaté phase.

Figure V.C-3 presents the errors in the y and z .direction. The y-axis
corresponds to cross track at the landing-site, and thé z-axis corresponds
to down range. No improvement in down rgﬁgezor cross track accuracy can
be expected due to an update. Howgyér;’the rate of increase in the
likely position errors is stopped. fhe update in velocity along the y and
z axes prevents any further increasé in position uncertainties.

Figure V.C-4 shows the navigation uncertainties and trajectory deviations
in the velocities along the y and z axes. The increase in z-axis velocity
trajectory deviations is due tc the thrust uncertainties.

Figure V.C-5 is a time history of the expected deviations in the thrust
command signal from the nominal. - At each discontinuity point in navigation
information, a corresponding discontinuity in thrust commands is likely.

A maximum thrust deviation of 26Q 1lbs (1-sigma) can be expected to occur
at initiation of VP, Figure V.C-6 shows the expected deviation in
attitude command signals. The maximum liKely attitude deviation occurs

at 320 seconds into the powered descent trajectory. The 2.4 deg (3-sigma)
likely deviation in pitch attitude is attributed to the update of altitude.

Figure V.C-7 presents the expected deviation' in fuel consumption along
the descent trajectory. At this time, methods of analyzing the error

' DATE 11 August 1964
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characteristics of the last 10 seconds of the trajectory are not
available. However, the total deviation in fuel consumption required
for correction of guidance errors should be approximately equal to the
last value recorded on figure V.C-6. The additional fuel required for
correction of guidance errors, assuming normal error performance, is
30 1bs. (3 sigma).

Figure V.C-8 thru V.C-15 present the weighting factors used during the
two update periods. (2705t<£290, £350 £t<430) These weighting factors
were generated using an optimum technique for minimizing the variance in
a linear combination of inertial and radar information. (see Reference
V.C-8). This technique is sometimes referred to as "Linear Filtering"

or "Kalman Filtering,"

VI. Summary of Normal Error Performance

Only errors accyued along the powered descent trajectory have been
presented in this report. The likely errors in the LEM position,
velocity and fuel consumption at the hover point are:

Altitude = 25 £t (1o

Downrange = 2850 £t (1 g

Cross track = 785 ft (1o~)

Vertical velocity = 1.5 ft/sec (107)
Horizontal velocity = 1.8 ft/sec (19
Cross track velocity = 1.5 ft/sec (107
Fuel consumption = 10 1bs (1¢&)

Future errors studies on the powered descent trajectory will include
the primary navigation and guidance update procedure and the errors
caused by sensor errors during the insertion. Other phases of the
IEM mission will alsoc be treated. T

s
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